The present work aims to optimize the operating parameters such as rotational speed, welding speed and tool diameter for maximum Hardness and Tensile strength of the friction stir welded joint on AA6061 alloy. Three factors with five level response surface design matrix were developed by using MINITAB14 software package. Response Surface Methodology (RSM) was adopted to develop mathematical model between the response and process parameters. Grey relational Analysis (GRA) was deployed to convert multi objective case into single objective one by calculating Grey Relational Grade (GRG). The weights of the influencing parameters were calculated using Principle Component Analysis (PCA). The optimum process parameters are obtained from Response surface plots drawn for GRG. Confirmation tests proved that the proposed methodology has been yielded the optimum process parameters.
Introduction
The Welding Institute (TWI) of UK developed the momentous solid-state joining technique known as Friction stir welding (FSW) in 1991, in which heat is produced due to the interaction of the work piece surface and the tool is responsible for the desired welding. As compared to the conventional welding methods, FSW consumes considerably less energy. No cover gas or flux is used, thereby making the process environmentally friendly was discussed by Misra et al. (2005) . The friction stir welding (FSW) technology is going to become a very important new tool in the aircraft and automotive industry solving more of the problems related to the need of high-performance joints. The joints produced by this method were found to be error free and had excellent mechanical and corrosion properties . The stirred zone (SZ) (Sua et al., 2005) , the thermo mechanically affected zone (TMAZ) and the heat-affected zone (HAZ) (Leal et al., 2008) were the distinct zones produced during the friction stir welding process (Janjic et al, 2012; Ma et al., 2002) . The material flow behavior was predominantly influenced by FSW tool profiles, tool dimensions and FSW process parameters has been investigated by Rai et al. (2011) . The FSW was initially applied to aluminum alloys due to their applicability as energy-saving structural material in advanced applications. Owing to its acceptable strength to weight ratio, corrosion resistant and superior properties led them to deploy in transport industries, such as automobiles, trains, aircrafts, etc (Thomas et al., 1993) . FSW is useful in the joining of aluminum alloys (6XXX & 7XXX series) which were traditionally difficult to weld as the fusion welding techniques produce brittle dendrite structures leading to steep decrease in the mechanical properties (Cavaliere, 2013 Deng (1982) in which grey relation grade was calculated to convert a multi objective function into a single objective one is widely applied in various applications. The grey relation grade (GRG) was obtained by assigning weights to performance characteristics depending upon their importance (Jangra, et al., 2011; Lin, 2004; Vijayan et al., 2010; and Sharma et al., 2011) From the available literature it was elucidated that the response surface method was the widely used optimization technique for FSW and Grey relation analysis converts a multi objective function into a single objective function. In Grey relational analysis the GRG can be estimated by assigning weights to the performance characteristics deploying PCA technique which is a widely used one. Hence, the present work aims to optimize the FSW process for maximum hardness and tensile strength varying rotational speed, welding speed and pin diameter by coupling RSM, GRA and PCA.
Experimental Procedure

Experimental Setup
The following scheme of experimental set up is used for FSW on AA6061 plates. The set up consists of a computer controlled FSW machine (Figure 1 ) with proper welding tool and necessary fixtures for holding the tool. The tool rotational speed ranges from 500-2200 rpm. Initially the rotating pin is inserted into a predrilled hole, which will facilitate the start up of welding. The tool pin profile selected for the present work is "circular" and the material is High Speed Steel. In order to have longer weld length to facilitate representative results, welding was done along the 120 mm length which is perpendicular to the direction of rolling of the test pieces and AA6061 Aluminum Alloy plate was taken on the advancing side and the retreating side.
Selection of operating parameters
Selection of process parameters in Friction Stir Welding is critical as the properties of the yielded joints merely rely on them. From the past studies it was evident that the Rotational Speed, Welding Speed and Pin Diameter were important influencing parameters in FSW. Hence one need to find the optimum working conditions for efficient joint preparation. Elangovan and Balasubramanian (2008) studied FSW of AA6061 with 15, 18 and 21 mm shoulder diameter tools and reported that the tool with 18 mm shoulder diameter produced defect-free welds irrespective of pin geometries. The operating parameters selected for the present work are shown in Table 1 . The tools used in the present work are shown in Figure 2 and the FSW specimen is shown in Figure 3 . Science and Technology, Vol. 7, No. 4, 2015, Pp. 21-29 23
Evaluation of Mechanical Properties
Hardness test was carried out using Vickers pyramid hardness testing machine with load of 5 kg. Hardness survey along the transverse direction of the weld was conducted with hardness measurements at regular intervals of 4 mm from the centerline of the weld on both sides of the weld. Tensile tests were conducted on transverse specimens made as per ASTM-E8 cut from heat treated base metal and weld coupons. Stirred Zone strength of the joint was calculated by conducting tensile tests with Universal Testing machine. Scanning Electron Microscopic (SEM) images were taken for estimating the quality of weld (Figure 4 ). From the SEM images uniform weld bead geometry was observed throughout the specimen. 
Experimental Design
The experiments are devised based on central composite face centered design. Central composite design(CCD) matrix with the star points being at the center of each face of factorial space is used. The "face-centered CCD" involves 20 experimental observations at three independent input variables. Science and Technology, Vol. 7, No. 4, 2015, Pp. 21-29 24 
Proposed Methodology
Response surface methodology (RSM)
The Response Surface Methodology (RSM) was adopted for modelling and analysis of process parameters in the FSW in order to obtain mechanical properties of welded joint. In the RSM, the quantitative form of relationship between desired response and independent input variables can be represented as follows:
Y= F(R s , W s , D)
(1) where Y is the desired response and F is the response function (or response surface). In the procedure of analysis, the approximation of Y is proposed using the fitted second-order polynomial regression model which is called the quadratic model. The quadratic model of Y can be written as follows:
Grey relational analysis
Grey Relational Analysis (GRA) is used to determine the optimum condition of various input parameters to obtain the best quality characteristics (Meenu Gupta and Surinder Kumar, 2013; Peng Wang et al, 2013; Radhakrishnan Ramanujam et al, 2011; Senthilkumar, N. et al, 2014) . Grey relational analysis is broadly applied in evaluating or judging the performance of a complex project with meagre information. Within the range of sequences to acquire exact solutions one has to preprocess the data which are related to group of sequences called as Grey relational generation (Deng, J.L. 1989) . Preprocessing raw data is a process of converting an original sequence into a decimal sequence between 0.00 and 1.00 for comparison. If the expected data sequence is of the form ''Higher-the-better'', then the original sequence can be normalized as, However to achieve a definite target value, the original sequence will be normalized as follows Science and Technology, Vol. 7, No. 4, 2015, Pp. 21-29 25 ( ) . ξ is the distinguishing coefficient. In general, ξ is assumed to be 0.5.
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From the grey relational coefficient, the grey relational grade is calculated as follows.
For practical applications, the weighting value can vary based on the experimental response quality. Then the equation becomes the following:
Where k ω is the weighting factor for k. In the present investigation, the weighting value k ω for each parameter is estimated via PCA.
Principal Component Analysis (PCA)
GRA was found to be an effective tool for converting a multi objective case into a single objective one during optimisation, however allocation of equal weightage to all the components was the major setback in the method. Hence PCA is adopted to estimate weightage of individual components. PCA was initially developed by Pearson (1901) and Hotelling (1993) to explain the variance and covariance structure of a set of defined variable by linearly combining them. The great combination of input variables and output responses is predicted by normalizing the data in PCA. The Grey Relational coefficients are used to formulate variance covariance matrix S as follows 
= (9)
Where, n is number of quality characteristics, and m is number of experiment runs, x is grey relational coefficient of each quality characteristic.
The correlational coefficient array can be evaluated as follows
where Cov(x i (j), x i (l)):the covariance of sequences x i (j) and x i (l); σ xi (j):the standard deviation of sequence x i (j); σ xi (l):the standard deviation of sequence x i (l). The eigenvector and Eigen values are calculated from the correlation coefficient array: Engineering, Science and Technology, Vol. 7, No. 4, 2015, Pp. 21-29 26 Where k λ is Eigen values Table 5 .
The variance contribution for the second principal component characterizing the whole original variables, i.e. the two performance characteristics, is as high as 77.2%. Hence the squares of its corresponding eigenvectors are selected as the weighting values of the related performance characteristic and are shown in Table 5 . 
Results
The experiments were conducted as per the DOE plan. The optimization was performed for GRG which is the indicating response for the two experimental results. The GRC and GRG for the experimental runs are shown in Table 6 . Response surface methodology was adopted to optimize process parameters based on GRG, the regression equation is given in Equation 12 and the corresponding R 2 value is 86.1%. The analysis of variance (ANOVA) is usually applied to summarize the tests performed. Sankar, P. Umamaheswarrao./ International Journal of Engineering, Science and Technology, Vol. 7, No. 4, 2015, Pp. 21-29 27 ANOVA technique was used to test the adequacy of the developed response model. As per this technique, if the calculated value of the F ratio of the developed model is less than the standard F ratio (from F-table) value at a desired level of confidence (say 99%), then the model was said to be adequate within the confidence limit. ANOVA test results were presented in Table 7 , it is understood that the developed Response surface model was found to be adequate at 99% confidence level. 
Optimisation process
The three dimensional response surfaces for GRG were drawn. Response Surface plots clearly indicate the optimal response point. From the response graphs, it can be observed that in Figure 5 the higher GRG values were obtained i.e. for a tool diameter of 4mm. it can also be observed that at the rotational speed of 800 rpm, welding speed of 50 mm/min the GRG is higher indicating the Science and Technology, Vol. 7, No. 4, 2015, Pp. 21-29 28 maximum hardness and tensile strength. This can be addressed due to the formation of equiaxed finer grains resulted because of increased work tool interface and the increased heat input associated with the use of speeds. The optimum conditions identified from the response surface plots are 4 mm tool diameter, 800 rpm rotational speed and 50 mm/min welding speed. Experimental test is conducted with the obtained optimum process parameters, the results were compared with the optimum values in the experimental design matrix and are shown in Table 8 . It was observed that the enhancement in hardness is 4.96% and the tensile strength increased by 12.32%. The two performance characteristics of Friction Stir welded AA6061 alloy was clearly improved with the proposed methodology. Table 8 Comparison of results
Conclusions
A five level, three factor full factorial design matrix based on the central composite rotatable design technique was used to study the parametric analysis of AA6061 alloy welded by Friction Stir welding process. The process parameters varied were Speed, welding speed and tool diameter, the responses observed are predict the hardness and tensile strength. Response surface method was adopted to optimize the process parameters. GRA was implemented to obtain the unique objective i.e. GRG and the weight values were estimated deploying Principle Component Analysis (PCA).
From the response plots it is clear that the optimum process parameters were welding speed 800 rpm, rotational speed 50 mm/min and 4 mm tool diameter. The experimental test with the optimum process parameters yielded optimum results proving that the method deployed is accurate. The hardness of the joint is improved by 6.39% and the tensile strength is enhanced by 16.60 %. 
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